The ability of the electron transport particulate fraction of Azotobacter vinelandii strain 0 to oxidize tetramethyl-p-phenylenediamine (TMPD) and p-phenylenediamine (PPD) was examined in detail. The highest specific activity for TMPD and PPD oxidation concentrated in the A. vinelandii 0 Ra fraction. The A. vinelandii 0 Rs fraction was used to develop a standard manometric assay which gave optimal oxidation rates for both of these dyes. The conditions of the assay and all essential related enzymatic kinetic parameters are presented. Other para derivatives of phenylenediamines also were oxidized readily, whereas ortho and meta derivatives were not. Hydroquinone, p-hydroxybenzoic acid, p-cresol, tyrosine, pyrogallol, pyrocatechol, and diphenylamine were not able to serve as electron donors for the A. vinelandii 0 RK system. The probable involvement of a particle-bound cytochrome oxidase is indicated by the marked sensitivity of both TMPD and PPD oxidation to cyanide, azide, phenylhydrazine, hydroxylamine, and, to a lesser degree, carbon monoxide.
Although the oxidation-reduction components of the electron transport particulate fraction of Azotobacter vinelandii strain 0 have been identified and characterized on the basis of spectral absorption (6, 7, 19, 26) , the sequential functional relationships of the individual component cytochromes remain vague. Castor and Chance (6) observed a multiple cytochrome oxidase system in their studies on this organism. Tissieres (29) reported that the particle-bound oxidase exhibited a specific requirement for cytochromes c4 + C5 which were isolated from Azotobacter.
Mammalian cytochrome c is not appreciably oxidized by the particle-bound cytochrome oxidase of A. vinelandii (17, 24, 29, 33) . It oxidation of artificial electron donors. It was assumed that the oxidation of dyes, such as pphenylenediamines, would reflect the true cytochrome oxidase activity during purification. The subcellular terminal oxidase activity of Azotobacter species has been examined by other investigators (17, 29% 33) .
The oxidation of an artificial electron donor has been used successfully in the isolation of a cytochrome oxidase from Pseudomonas aeruginosa (11) . The assay used in purification involved oxidation of hydroquinone in the absence of exogenous p-cytochrome c551. Preliminary studies with the A. vinelandii 0 electron transport fraction indicated that it could not oxidize hydroquinone. This fraction was capable of oxidizing p-phenylenediamine (PPD), as previously reported (1, 33) , as well as other p-phenylenediamine derivatives, which indicated that a suitable assay might be developed. Other investigators have used such oxidation-reduction systems that consisted of both ascorbate and either tetramethyl-p-phenylenediamine (TMPD; 13, 20) , PPD (25) , or tetrachlorohydroquinone (18) , which serve as electron donors at the cytochrome c level in the absence of exogenous cytochrome c.
In attempting to define an assay system, by use of artificial donors which would allow purification of the A. vinelandii 0 cytochrome oxidase, it was found that the combination of ascorbate with either TMPD or PPD gave higher enzymatic oxidation rates than when either dye was used alone.
This communication will deal specifically with the assay conditions developed for the enzymatic oxidation of two p-phenylenediamine derivatives (TMPD and PPD) and the probable relationship of this activity to the cytochrome oxidase of this organism.
MATERIALS AND METHODS
Chemicals. The sources of the chemicals used were as follows: N,N,N'-tetramethyl-p-phenylenediamine dihydrochloride, phenylhydrazine, N,N-diethyl-pphenylenediamine, N-methyl-p-phenylenediamine di- The standard manometric assay used for the oxidation of PPD was identical to that described for oxidation of TMPD with the following exceptions. The pH of the buffer was 6.5, and the final concentration of both PPD (which is used in place of TMPD) and ascorbate was 13.3 mm. The enzyme concentration routinely used for the PPD assay ranged from 0.1 to 0.2 mg/ml; the dilutions were carried out in 0.02 M phosphate buffer (pH 6.5).
It was necessary to maintain the pH at 6.0 and 6.5, respectively, for the TMPD and PPD standard assays, because both dyes are highly auto-oxidizable at higher pH values. Under the conditions described, a nonenzymatic rate was rarely observed; however, suitable controls were always run to correct for the ELECTRON TRANSPORT FRACrION OF A. VINELANDII nonenzymatic oxidation that sometimes occurred. Specific activity is calculated routinely on the basis of microliters of 02 uptake recorded during the first 5-min interval, and is expressed as microliters of 02 uptake per hr per mg of protein at 37 C.
RESULTS
Development of assay and enzyme kinetics.
Figures IA and lB compare the oxidation of TMPD and PPD by the A. vinelandii 0 R3 fraction. The chemical components in parentheses represent those which were preincubated with the enzyme during the temperature equilibration period. In all cases, those components shown with arrows were added from the side arm after manometric equilibration to initiate the enzymatic reaction.
The most striking difference observed was that, with or without ascorbate, the rate of oxygen uptake was at least three times greater for TMPD than for PPD. The highest enzymatic oxidation rate was obtained always when TMPD was preincubated with the enzyme in the main compartment and the reaction was initiated by the addition of ascorbate. This combination was found to be the most effective for the oxidation of both p-phenylenediamine derivatives and was selected for the standard assay. A moderate oxidation rate was observed when TMPD was used as sole electron donor, in contrast to the negligible rate observed when PPD served as the sole donor. The rate of oxidation of TMPD in the absence of ascorbate was approximately equal to the maximal rate obtained with PPD in the presence of ascorbate. It is further noted that, in all cases, suboptimal rates were obtained when ascorbate was preincubated with the enzyme during equilibration and the reaction was initiated by either p-phenylenediamine derivative or when both reducing components were added simultaneously to initiate the enzyme reaction. It should be emphasized that, although ascorbate markedly stimulated the enzymatic oxidation rate of either p-phenylenediamine derivative, it was not en- zymatically oxidized in their absence. (Heating the R3 fraction for 10 min at 70 C resulted in the complete inactivation of the enzyme when assayed for ascorbate-TMPD oxidation. Essentially no oxygen uptake occurred even when 10 times the usual amount of heated enzyme was added to the standard TMPD assay system.)
The effect of ascorbate concentration on the enzymatic oxidation of both p-phenylenediamine derivatives is noted in Fig. 2 . In this study, the concentrations of TMPD and PPD were maintained at 3.3 and 13.3 mm, respectively. It is significant that the specific activity for the TMPD oxidation was twice that obtained for the oxidation of PPD, even though the dye concentration of the latter was four times greater. With both of these artificial electron donors, specific activity was dependent on ascorbate concentration until the saturation level of 3.3 mi ascorbate was reached. In the oxidation of PPD, the rate continued to increase gradually as a function of increasing ascorbate concentration. response was not observed for TMPD. Increasing the ascorbate level to concentrations above 3.3 mi had a negligible effect on the specific activity for TMPD oxidation. From these data, ascorbate levels of 6.7 and 13.3 mm were selected for the standard oxidase assays for TMPD and PPD, respectively.
The next parameter considered was the effect of the concentration of the p-phenylenediamine derivatives in both assay systems. Figure 3 (A, B, and C) demonstrates the various kinetic aspects involved in the ascorbate-TMPD assay system. All curves represent the results of specific activity or rate, plotted as a function of TMPD concentration. In the data presented in Fig. 3A , no attempt was made to adjust the pH of the TMPD dihydrochloride, whereas in the data in Fig. 3B and 3C the TMPD solution was adjusted to pH 5.5 prior to its use in the assay. All other conditions were identical to those described for the standard TMPD assay in experimental procedure. In Fig. 3A , the specific activity of the A. vinelandii 0 R3 is plotted as a function of TMPD concentration at three levels of ascorbate concentration, as well as in the absence of ascorbate. As shown, the maximal specific activity occurs at 3.3 mm TMPD for all three concentration levels of ascorbate. Terminal pH, after completion of the oxidation-reduction reaction, was checked for this level of TMPD, and was found to be pH 6.1. At this concentration level of TMPD, there was only a slight increase in specific activity when the ascorbate concentration was increased from 1.7 to 26.7 mm, suggesting that the oxidation of the dye was essentially independent of ascorbate concentration. At TMPD concentration levels higher than 3.3 mm, the pH of the TMPD dihydrochloride significantly lowered the final pH of the assay, and enzyme inhibition occurred. No enzymatic oxidation was observed in the absence of ascorbate when the TMPD was preincubated in the main compartment during the temperature equilibration period. This indicated that complete enzymatic oxidation of TMPD occurred during the equilibration period. Figure 3B shows the effect of TMPD concentration on specific activity when the pH of the dye was adjusted to 5.5 prior to use in the standard assay. This was done to observe the effect of higher TMPD concentrations at pH levels that would not inactivate the R3 fraction. It was observed that this enzymatic oxidation was dependent upon TMPD concentration until the 5.0 mm concentration level was reached. At this concentration of TMPD, the data, as shown in Fig. 3B , conformed reasonably well to the kinetics described by the Michaelis-Menten equation, which allowed for 1072 Tetramethyl-p-phenylenediamine (mM) FIG. 3 . Effect of TMPD concentration on enzymatic oxidation of TMPD by the Azotobacter vinelandii 0 R3 fraction at constant and varying concentration levels ofascorbate. The standard manometric assay was carried out as described in experimental procedure, with the exception that varying concentrations of TMPD were incubated in the main compartment during temperature equilibration. In A, varying concentrations of ascorbate were used to initiate the reaction and the TMPD dihydrochloride was not neutralized. In B and C, the ascorbate concentration was 6.7 mM and the pH of TMPD dihydrochloride was adjusted to 5.5 prior to use in assays. The control in C represents the TMPD oxidation rate obtained in the absence ofenzyme. In all the studies, the protein concentration ofthe R, fraction was 0.055 mg/ml. Specific activity is expressed as microliters of02 uptake per hourper milligram ofprotein (37 C). the calculation of a Vmn,, value (shown in insert).
The plotted values in Fig. 3B were corrected for the nonenzymatic rate due to the autooxidation of the TMPD shown in Fig. 3C . The insert in Fig. 3B shows the double reciprocal plot with the calculated VmaxC and Km values. The Vm. was 7,600 ,liters of 02 per hr per mg of protein at 37 C, and the Km was 0.0067 M. In the standard TMPD assay, as described in the experimental procedure, the dye concentration used was approximately one-half the Km value, and routinely specific activities of 2,500 to 3,500 were obtained. Figure 3C compares the rate of enzymatic oxidation with a control which represents the nonenzymatic autooxidation of TMPD. Attempts to adjust the pH of the TMPD solution resulted consistently in substantial nonenzymatic oxidation rates when used in assays at concentration levels higher than 2.0 mm TMPD. This necessitated a large correction factor for accurate estimation of the actual enzymatic oxidation rate. Our studies suggest that, to estimate accurately the rate of TMPD oxidation, it is necessary to control critically both pH and concentration of the dye. However, studies with PPD show that pH and dye concentration need not be as critically controlled.
As shown in Fig. 4 , a similar relationship exists between PPD concentration and enzymatic activity. In this figure, specific activity is plotted as a function of PPD concentration at a constant level of ascorbate (13.3 mM). As shown, the reaction also exhibited the usual MichaelisMenten kinetics with respect to the PPD concentration. Maximal specific activity is difficult to measure directly, and must be calculated by a Table 2 relates a typical fractionation scheme, showing recovery of units of ascorbate-TMPD oxidase activity. In each case, the S designation refers to the supernatant fraction and the R designation refers to the residue fraction. After the initial centrifugation of the disrupted cell homogenate (4,300 X g for 10 min) to remove cell debris, a cell-free extract (SI) was obtained. Upon further centrifugation (37,000 X g for 30 min), the ascorbate-TMPD oxidase activity remained predominantly in the supernatant fraction (S.,).
During this centrifugation, a large particle fraction (R2) was sedimented which possessed only a small portion of the total activity units present. Further centrifugation of the S2 at 144,000 X g for 120 min revealed that the bulk, or 92%, of the ascorbate-TMPD oxidation activity sedimented with A. vinelandii 0 R3 fraction. This RI fraction contained 50% of the activity units found in the original sonic cell-free extract (SI). A similar pattern (not shown) was obtained when assays were carried out for the ascorbate-PPD oxidase system.
Effect ofinhibitors on TMPD and PPD oxidase. It has long been known that p-phenylenediamine oxidation is carried out by particle-bound cytochrome oxidase preparations (15, 22, 26) . The preparations studied always have contained other cytochromes components, particularly cytochrome c, that are associated with the electron transport function. To substantiate the theory that the particle-bound cytochrome oxidase of A. vinelandii 0 is involved in TMPD and PPD oxidation, it was decided to examine the effect of cytochrome oxidase inhibitors on this activity. The inhibitors studied were cyanide, azide, phenylhydrazine, hydroxylamine, and carbon monoxide, all of which specifically inhibit cytochrome oxidase at low levels (16, 27, 31) . The effect of the first four inhibitors is illustrated in Fig. 5 . The per cent inhibition of TMPD oxidation is plotted as a function of the molar concentration of inhibitor on a five-cycle semilog plot. The results show that TMPD oxidation is extremely sensitive to cyanide, 50% inhibition occurring at 2 X 10-8 M. This marked sensitivity indicates a probably stoichiometric reaction between cyanide and the cytochrome component responsible for TMPD oxidation. Azide, phenylhydrazine, and hydroxylamine are also potent inhibitors of TMPD oxidation, 50% inhibition occurring at 7 x 10-Ml 1.5 x 10-6 M, and 9 X a All supernatant fractions are designated by S and all residue fractions by R. The experimental procedure lists the speeds and time of centrifugation for obtaining each fraction.
bMicroliters of 02 uptake per milligram of protein per hour (37 C) under the conditions given for the standard TMPD oxidation assay.
c Total units = total protein X specific activity.
10-6 M, respectively. These latter inhibitors are effective at much lower concentration levels than those reported for the mammalian cytochrome oxidase systems (16, 27, 31) . TMPD oxidation also was effectively inhibited by carbon monoxide. In several studies with the standard TMPD assay, a 40 to 60% inhibition of the enzymatic rate was achieved when 20% (v/v) CO in air was used as the gas phase. Controls, in which the gas phase used was 20% (v/v) N2 in air, exhibited no inhibitory effects when compared with those rates obtained with air as the sole gas phase. Furthermore, CO inhibition of TMPD oxidation could not be reversed by light when a light source of moderate intensity was used. It has been reported that bacteria such as Azotobacter, Escherichia, and Proteus, which contain cytochromes a2, a,, and o, are less sensitive to carbon monoxide inhibition than other microorganisms which contain the cytochromes a and a3. In addition, the cytochrome a2-carbon monoxide complex can only be dissociated by use of relatively strong illumination (6, 7) .
The per cent inhibition of PPD oxidation by these same cytochrome oxidase inhibitors is shown in Table 3 (Table 1 ). An exception to this is noted with p-aminophenol, which serves as an electron donor in the A. vinelandii 0 system. The small oxidative activity noted for p-aminophenol can be explained on the basis of its structural similarity to p-phenylenediamine. The degree of activity exhibited by both compounds is similar, ( Table 1) . The best evidence for the involvement of the particle-bound cytochrome oxidase in pphenylenediamine oxidation is noted with inhibitor studies (Fig. 5, Table 3 ). The marked sensitivity to cyanide, azide, and other such inhibitors of the terminal electron transport strongly suggests that the oxidation proceeds via a cytochrome oxidase-type system, which in the electron transport fraction undoubtedly carries out a more physiologically significant oxidation.
A review of the literature reveals that at least two types of enzymes are capable of oxidizing these electron donors, namely, cytochrome oxidase and the polyphenol oxidase (3, 15, 22, 23) . The two enzymes are similar in many respects. Both enzymes contain copper and are sensitive to cyanide. The polyphenol oxidase is exclusively found in plants and in some microorganisms (3, 23) , whereas the cytochrome oxidase is found predominantly in mammalian and most microbial systems. The typical polyphenol oxidase is soluble (3) and remains in the supernatant fraction after prolonged centrifugation, whereas cytochrome oxidases are of a particulate nature. The particulate nature of the A. vinelandii 0 R3 and its inability to oxidize tyrosine, catechol, p-cresol, or phenols, in general, rules out the presence of a polyphenol oxidase in the A. vinelandii 0 enzyme system. It thus seems likely that the cytochrome oxidase of the electron transport particle is the enzyme responsible for oxidation of the p-phenylenediamines in A. vinelandii strain 0.
The principle underlying the standard TMPD and PPD assays as elaborated in this communication is analogous to the assay used for mammalian cytochrome c oxidase. The standard manometric assay for cytochrome c oxidase employs a reducing agent and catalytic amounts of cytochrome c (32) . Enzymatic oxidation of the chemically reduced cytochrome c is then measured with molecular oxygen as the terminal electron acceptor. In the A. vinelandii 0 R, system, pphenylenediamines are apparently capable of mediating this reaction, either directly, by donating electrons to the oxidase, or indirectly, by reducing the endogenous natural substrate, cytochrome C4 + C5, which is then reoxidized by the cytochrome oxidase. A systematic study of p-phenylenediamines and their relationship to the cytochrome c oxidase in a Keilin-Hartree type preparation has been reported by Borei and Bjorklund (4) .
The use of TMPD in conjunction with ascorbate to study the terminal oxidase reaction in mammalian systems has been reported by Jacobs (13) and Packer and Jacobs (20) . These investigators were among the first to study the antimycin A-insensitive electron transport reaction (coupled to phosphorylation) at the terminal site. The identical ascorbate-TMPD redox system has been used recently to study the energy-dependent electron transfer reversal reaction presumed to be initiated at the cytochrome c level (30) . Unlike the results of these studies, maximal turnover of the A. vinelandii 0 Rs oxidase could only be obtained when substrate levels of both ascorbate and TMPD were used.
In view of the data presented here, the authors wish to propose that oxidation of p-phenylenediamines in Azotobacter is a direct reflection of cytochrome oxidase activity found in the electron transport fraction. Further studies on this system will be presented in a subsequent communication.
